3 Acetate and ethanol can be converted to caproic acid by microorganisms through reverse β -4 oxidation. There is limited insight into the versatility of chain elongation in view of different 5 starting substrates, including even and odd carbon carboxylates and alcohols other than 6 ethanol. Thermodynamic analyses show that most elongation pathways are energetically 7 feasible. Through incubations of microbial communities with different substrate-pair 8 combinations, we established that ethanol and propanol were both highly suitable for chain 9 elongation. As electron acceptor, acetate, propionate and butyrate readily elongated with 10 ethanol whereas an adaptation period was necessary for formate. Isobutyrate and longer 11 chained fatty acids above butyrate were not elongated. The microbial communities converged 12 and consistent enrichment of Clostridium spp. was observed, independent of the supplied 13 alcohol or carboxylate, with a strain related to Clostridium kluyveri dominating the 14 enrichments. Community analysis also showed phylotypes related to Bacteroidaceae and 15
INTRODUCTION
Side streams with considerable organic content can be used as inputs for production of 25 chemicals such as carboxylic acids. For this, mixed microbial cultures can be used as they 26 hydrolyze and ferment the residual organics from these low value feedstock to e.g. short chain 27 fatty acids (SCFAs). This process is known as the carboxylate platform. Carboxylates can be 28 concentrated in the fermentation broth or undergo secondary (bio)conversion to facilitate 29 product recovery through production of biopolymers, electrosynthesis or chain elongation to 30 medium chain fatty acids (MCFAs) 1 . A key bottleneck in the carboxylate platform is the 31 heterogeneity of the feedstock, as they tend to lead to bioconversion to non-specific products 32 at moderate to low titers which makes downstream processing difficult. Modular cascade 33 processes, in which each step focuses on the exploitation of a selected organic fraction, may 34 lead to higher efficiencies [2] [3] [4] . 35 A proportion of microorganisms within mixed communities are able to perform reverse β- 36 oxidation in which the fermentation intermediates, SCFAs, are elongated to MCFA that 37 attract higher value and are easier to separate 5 . Energy-rich, reduced compounds are required 38 to provide energy, reducing equivalents and acetyl-CoA so that this pathway can proceed 6 . 39 The synthesis begins with the condensation of acetyl-CoA which is then further reduced with 40 the addition of two carbons through each subsequent round of fatty acid synthesis. 41 Consequently, acetate (C2) can be elongated to butyrate (C4) and further to caproate (C6) and 42 caprylate (C8). Odd carbon chains can also be produced when cellular propionyl-CoA levels 43 are high, because of their incorporation in place of acetyl-CoA in the initial step of fatty acid 44 synthesis. In this case, propionate (C3) will be elongated to valerate (C5) and further to 45 heptanoate (C7) 7 . 46 47 on ethanol, the electron donor, and a SCFA salt, but is unable to attack substrates like glucose 48 which are commonly fermented by other anaerobic bacteria 8 . C. kluyveri was also found to be 49 able to grow on propanol 9 but the main fermentation product was propionate 10 . Thus, the 50 role of propanol as an electron donor for chain elongation is uncertain. Other isolated 51 organisms have been described to perform chain elongation, but as recently reviewed in the 52 literature, their activities rely on the conversion of simple substrates, mainly short chain 53 carboxylates. Some specific organisms may grow on monomeric sugars, amino acids and 54 carbon dioxide, with energy conservation through pyruvate 11 . The fact that they are unable to 55 degrade complex substrates, composed of lipids, carbohydrates and proteins, makes it 56 necessary to use co-cultures or mixed cultures. Other hydrolytic or fermentative bacteria 57 within a mixed culture will degrade complex substrates to a mixture of typical intermediates 58 suitable for chain elongation. 59 The titers of MCFA tend to be rather low (Table S1, supporting information), mostly due to 60 the toxicity they exert under acidic conditions. Higher concentrations can be achieved at 61 neutral pH, however in this case methanogenesis may occur and consume SCFA. To deal with 62 these issues, chemical inhibitors to avoid methane production or in-line extraction systems, 63 such as liquid-liquid extraction (pertraction) systems 12 , are required to decrease the product 64 concentration and alleviate the toxicity issue. Other conditions that can promote chain 65 elongation are mesophilic temperatures (30-37ºC), a low CO2 concentration and the presence 66 of SCFA instead of lignocellulosic material (references as reported in Table S1 ). 67 Besides ethanol and acetate, substrates such as propanol (co-generated with bioethanol) or 68 odd carbon sugars such as pentoses (e.g. xyloses) or heptoses (e.g. mannoheptulose) 69 fermentable to odd carbon SCFA or alcohols can be present in biorefinery side-streams. 70 Combinations of substrates with even number of carbons (from now on even substrates, e.g. 71 5 C2 or C4) and odd number of carbons (from now on odd carbon substrates, e.g. C3) produce 72 mixtures of short and medium chain carboxylates, while combinations of both odd carbon 73 substrates (e.g. propionate and propanol) were not reported thus far. 74 Overall, there is a limited understanding of the metabolic potential of mixed populations to 75 deal with various input alcohols and carboxylates, what products will be formed and how 76 microbial populations will correlate with different feedstock. It is still unclear if the substrate 77 is the driving force for microbial community enrichment, i.e. different substrates will lead to 78 different communities. Therefore, we evaluated thermodynamic considerations based on the 79 output product and yields of different carboxylate-alcohol substrate-pair combinations, 80 including even and odd carbon substrates, applying the same operational conditions to the 81 same initial mixed culture. 16S rRNA gene sequencing was used to track changes in the 82 composition of communities enriched under different substrate combinations for chain 83 elongation, using the same starting community. 84 85
MATERIALS AND METHODS

86
Mixed culture inoculum 87 A concentrated mixed culture microbiome was obtained by centrifugation (300 s, 14000 g) of 88 the effluent collected from a chain elongation fermenter fed with acetate and ethanol at a 89 molar ratio of 1:3. The supernatant was discarded to avoid substrate interferences and pellets 90 were resuspended with a fixed volume of RO water. The fermenter was run for three months 91 at 35 ºC as a continuous stirred tank reactor (CSTR) and consisted of a water-jacketed glass 92 cylinder with a working volume of 2.4 L operated with an HRT of 10 days at pH 5.5 ± 0.2. 93 The initial sludge inoculum was obtained from a full-scale anaerobic digester treating potato 94 6 waste. When samples were collected from the effluent of the chain elongation reactor, 95 butyrate was the main product outcome.
96
Experimental procedure 97 MCFA production was stimulated using different combinations of carboxylates or alcohols 98 with acetate or ethanol as co-substrate, respectively, in molar ratios of 1:2. This ratio was 99 chosen to ensure initial alcohol oxidation as described in Spirito et al. 6 A total of four runs of batch tests in triplicates were performed. The inoculum for all tests was 105 obtained from the same reactor effluent for all tests. A first run with low biomass (Run 1-LB, 106 54 mg VSS L -1 , Pielou evenness value of 0.73 ± 0.01; Richness value of 295 ± 19) was 107 carried out for 9 days. This low biomass obtained in the first run is unrealistic for bioreactors. 108 Therefore, to disregard substrate inhibitions to biomass a more concentrated inoculum was 109 used for a second run at higher biomass concentration (Run 1-HB; 271 mg VSS L -1 , Pielou 110 evenness value of 0.66 ± 0.01; Richness value of 255 ± 21). For the high biomass test, three 111 consecutive enrichments were performed. For DNA analysis biomass was sampled from the 112 inoculum of both low (n = 3) and high (n = 2) biomass and at the end of each triplicate from Carboxylates as a single source may not be oxidized with the exception of formate (Eq. 6). 135 Most of the VFA oxidation reactions associated with hydrogen production present high-136 energy requirements whereas at least some of these reactions occur naturally in bioprocesses 137 (Eq. 11, 20, 26) 19 . For such processes, the hydrogen partial pressure (PH2) affects the energy 138 requirements, for example low PH2 enables the complete pathway of acetate oxidation to CO2 139 and H2 14 whereas high PH2 favors reductive outcomes as in fermentation. (Table 1) .. Conversion of acetate to butyrate and caproate is thermodynamically 143 possible in the presence of hydrogen (Eq. 13 & 14) , although acetate conversion directly to 144 caproate would require higher PH2 as indicated by stoichiometry. Chain elongation is also 145 plausible through auto-condensation of butyrate although the low energy gain (ΔG 01 35ºC = -0.2 146 KJ mol -1 , Eq. 28) would direct the substrate to more energetically beneficial reactions. 147 Contrarily, propionate has a broader reaction competition. While propionate elongation to 148 valerate in the presence of ethanol is thermodynamically feasible and close to the equilibrium 149 (Eq. 25), the conversion to propanol (Eq. 21) or the re-oxidation to acetate, CO2 and H2 (Eq. 150 24) could only be possible after environmental changes. 151 Under equilibrium conditions the most energetic pathway would dictate the outcome product, 152 however it must be taken into account that Gibbs energy is dependent on the concentration of 153 each compound (ΔG=ΔG 0 +RTlnQ). Therefore, only reactions without the presence of 154 hydrogen and carbon dioxide, even with a ΔG 0 > 0, would be possible during the start-up 155 period where there is no product concentration, while chain elongation reactions such as Eq. 156 5, 14, 22 or 29 will be favored as soon as H2 and CO2 start to accumulate.
157
Chain elongation with different alcohols 158 In a first series of batch tests, we compared the consumption of different alcohols (C1 to C4) 159 with acetate, both at low and high biomass concentrations (Run 1-LB; Run 1-HB; Figure 1 ). 160 pH was maintained at the end of the tests with LB while it increased up to 0.45 ± 0.05 units 161 with HB. With LB the net methanol, ethanol and propanol consumption was higher compared 162 to HB (50 mM higher for methanol and 10 mM for ethanol and propanol), likely due to 163 additional alcohol formation from the excess inoculum. This is evidenced by the higher 164 9 acetate consumption with HB leading to a higher production of elongated VFAs. The cell 165 density is thus an important parameter to consider for mixed culture batch tests, a fact 166 generally not considered, as too much substrate per cell unit might inhibit the final 167 concentration in the broth. Butanol consumption and its VFA production was negligible in 168 comparison with the other alcohols. Butanol is presumably toxic to for example Clostridium 169 acetobutylicum and C. beijerinckii that produce it 20 . Although the starting alcohol 170 concentration (100 mM) was under the maximum inhibition found during its production (13 g 171 L -1 ; 176 mM), non-adapted communities may have a higher sensitivity to butanol. 172 Net ethanol production was observed in all tests including the control while not added as a 173 substrate. This suggested that reaction 12 (acetate reduction; Table 1 ) was occurring 174 simultaneously. If ethanol was mainly produced by cell lysis, ethanol concentrations in the 175 HB control test would be significantly different from the low biomass test, which was not the 176 case ( Figure 1a ). Therefore, auto-formation of ethanol together with acetate allowed chain 177 elongation to even carboxylates (C4 and C6) in all conditions tested ( Figure 1b ). Further 178 chain elongation of butyrate to caproate was observed when ethanol was supplied in batch 179 tests to a maximum of 24.5 mM (2.8 g L -1 ). When propanol was provided as electron donor, 180 degradation of this alcohol to propionate (Eq. 3) was the main process in LB, but chain 181 elongation to valerate (Eq. 18) increased from 11 to 27% of the total molar VFA production 182 (Table S2, (Table S2) . Concluding, alcohols such as methanol, ethanol and propanol, but not butanol, are 211 suitable for producing MCFA, and ethanol and propanol are the most successful. 212 Combinations of acetate-propanol lead to a mixture of even and odd carbon carboxylate 213 mixtures, while the rest, including methanol, lead to a mixture of even carboxylates. (Table S3 ), probably due to hydrogen influence (Eq. 7 and 8 227 compared to 9 without H2), no significant increase in total carboxylate production was 228 observed by increasing biomass concentration (6.2 mM versus 6.7 mM). Formate was solely 229 degraded to CO2 and H2 when ethanol was not present as a substrate in the control tests (Eq. 230 6; Figure S2 ). 231 Tests with acetate or propionate with ethanol as substrates performed as expected according 232 to literature (Table S1 ), generating a maximum of 10.8 g COD L -1 of carboxylates. 233 Consumption of the corresponding substrates and productions of VFAs and hydrogen rose 234 when increasing the biomass concentration. Acetate was first elongated to butyrate and the 235 latter to caproate either with ethanol or hydrogen (with CO2 for carbon addition) as electron 236 donors (Eq. 29 to 31). Hydrogen production in the system increased from 1.8 mM with LB to 237 23.8 mM with HB. The same behavior was observed in the control test without ethanol 238 addition, probably by ethanol generated through inoculum decay and subsequent acetate 239 12 reduction ( Figure S2 ). In the case of propionate, some conversion of the substrate to acetate 240 and to propanol (3.7 mM and 5.6 mM with LB and HB, respectively) was observed (also for 241 the control test, Figure S2 ). The main elongated product from the propionate-ethanol mixture 242 was valerate (30.71 mM or 3.1 g L -1 ; 52 -54%, Table S3 , supporting information), with traces 243 of heptanoate emerging by further valerate elongation (Eq. 35,0.8 mM with LB, 3.5 mM with 244 HB). Heptanoate production could be targeted in contrast with other substrates as the 245 propionate-ethanol combination was the only one elongating to C7 (Figure 2b , Table S3 ). 246 Under a butyrate-ethanol combination the main products detected were acetate and caproate. 247 With LB the oxidation of either butyrate or ethanol (Eq 26 and 2, respectively) occurred. 248 Chain elongation was enhanced with HB with a final composition of 90% caproate (Table S3 ) 249 which accounted for 4.9 g L -1 . This final concentration was obtained at a pH of 5.6, equivalent 250 to a concentration of 0.74 g L -1 (6.4 mM) of caproic acid, close to the upper toxicity limits 251 reported for chain elongation (0.87 g L -1 ) 11 . Thus, the maximum concentration obtained in 252 this study might be limited by toxic effects of the undissociated form of VFA. The presence 253 of hydrogen in the system was detrimental to oxidation reactions due to product inhibition 254 and, furthermore, it was steering elongation reactions between butyrate and acetate or CO2 255 (Eq. 29 and 30) as also stated previously for propionate 22 or butyrate 23 . 256 MCFA such as valerate, caproate or iso-butyrate were only tested at high biomass 257 concentrations. None of these compounds were elongated in the short term. The only 258 reactions occurring were ethanol degradation, caproate oxidation to butyrate and, in the case 259 of iso-butyrate, acetate was produced and further reduced to ethanol to a surplus concentration 260 of 5 mM in comparison to the fed substrate. Therefore, using MCFA as direct substrate was 261 not promoting further chain elongation. However, compounds such as caproate or heptanoate 262 were produced when using shorter intermediates such as propionate or butyrate (Figure 2b) . 263 In this sense, initial toxicity concentration of MCFA was attributed to chain elongation 264 13 inhibition., as undissociated fatty acids have higher antimicrobial properties when the chain 265 length increases 24 Taking into account the initial pH and concentration, 10 mM (1 g L -1 ) of 266 valeric acid and 6 mM (0.7 g L -1 ) of caproic acid were present in C5 and C6 tests, 267 respectively. Maximum concentrations of 3.7 mM (0.4 g L -1 ) of caproic acid and 0.5 mM (0.1 268 g L -1 ) of heptanoic acid were estimated at the end of tests C2 and C3. No caprylate was 269 detected in any of the tests performed after 9 days of incubation. caproate (Eq. 29 to 31) were enhanced by these reductive conditions. Traces of propionate 280 generated by direct elongation with ethanol (Eq. 9) and subsequent elongation to valerate was 281 also observed, accounting for 15% of odd carbon carboxylates in the final composition. 282 Despite hydrogen production, acetate was still the main product formed at 60% of the final 283 composition. 284 Acetate as a substrate slightly diminished the final total VFA production after enrichment, 285 likely due to a decrease in inoculum degradation. Stable carboxylate production was observed 286 in sequential batch tests fed with propionate as carbon source, although oxidation to acetate 287 increased and further elongation to caproate decreased. The valerate composition was stable 288 14 around 50% in the subsequent transfers (Table S3 ). In butyrate batch experiments chain 289 elongation to caproate switched to substrate oxidation to acetate as observed by the change in 290 final VFA composition ( Figure S3b , Table S3 ), probably due to a lower hydrogen presence 23 . 291 Longer VFAs such as C5, C6 and iso-C4 were not suitable as raw materials for chain 292 elongation in this study not even after adaptation (Figure S3 ). Valerate and caproate 293 elongations with ethanol were supposed to be thermodynamically feasible (Eq. 35 & 39, 294 Table 1), but no production nor substrate oxidation was detected in the enrichment tests. This 295 fact was mostly due to undissociated acid toxicity since 20 mM of valeric acid (2.1 g L -1 ) and 296 20.7 mM of caproic acid (2.4 g L -1 ) were present at initial conditions. Iso-butyrate as substrate 297 did not present inhibitory concentrations but the products were mainly based in oxidation 298 products (i.e. acetate). 299 Carboxylates from C1 to C4 are feasible to use as substrates for chain elongation, although Community composition convergence in chain elongation 313 PCA analysis was performed at the end of each enrichment to relate the divergence 16S 314 rRNA sequences from that of the initial inoculum with the chemical results. After 27 days 315 with HB, all communities fed with acetate and different alcohols from methanol to butanol 316 (control with water included) diverged from the inoculum and converged in a cluster with the 317 exception of the test fed with butanol (AB) (Figure 3a) . Richness values decreased from 255 ± 318 21 (inoculum; I) to a range of 137 ± 19 (acetate-methanol; AM) to 224 ± 4 (acetate-butanol; 319 AB) for all alcohol tests while Pielou evenness values remained stable with the exception of 320 the ethanol test which decreased from 0.66 ± 0.01 to 0.59. Even though the control test 321 (acetate-water; AW) did not produce high amounts of VFAs (Figure 1 & S1) , the community 322 composition was similar to the one targeting chain elongation. Acetate-methanol (AM), with 323 the lowest Richness value, showed the highest variability between biological replicates and 324 thus slightly differing from the successful cluster. This variation was in line with the decrease 325 in VFA production during enrichment ( Figure S1 ) which might be attributed to methanol 326 toxicity. Butanol was discarded as an electron donor due to its poor biochemical performance 327 as a substrate ( Figure S1 ) and its distribution in the PCA (AB, Figure 3a supplemented, thus not presenting significant differences between successful and 363 unsuccessful chain elongation (p = 0.534). Phylotypes (Phy) exhibiting 16S rRNA sequences 364 identical to that of Clostridium kluyveri (Phy1, Figure S4 ), also detected earlier with acetate-365 ethanol combinations 26 , and Phy 11 (Clostridium ljungdahlii/ragsdalei/autoethanogenum; 366 Figure S4 ) were enriched in all tests with carbon chain lengths greater than 2 ( Figure 5 ) 367 indicating these bacteria are key players for the success in chain elongation. Phy33, annotated 368 as Clostridiaceae 1 in this study, was enriched along with Phy1 and 11 ( Figure 5) Oscillibacter sp., Figure 5 ). From the same family, Phy59 (annotated until genus level as 375 Clostridium IV) was enriched in the ethanol combination with C2 to C4, but also with iso-376 butyrate (i-C4). Another organism also related to Cluster IV is Clostridium sp. BS-1. Isolates 377 of BS-1 can produce caproate from fermentation of D-galacticol 28 . However, BS-1 enhances 378 chain elongation to caproate with co-cultures of BS-7 or optimization of the medium 29 , thus 379 suggestion that it was not the galacticol itself that elongated substrates but rather its 380 intermediates. Members of Ruminococcaceae family were the key species found in a chain 381 elongation study where corn fiber was used as substrate 30 Figure S4 ), was enriched using only alcohols different from ethanol. This particular phylotype 388 has been also detected in anaerobic fermentation of xylose 31 and thermally hydrolysed 389 activated sludge 32 , but it is also highly similar to the genus Tissierella (>95%, NCBI) 33 Erysipelotrichia (p < 0.001) was also present in most of the successful tests. Contrarily, 409 classes Negativicutes (p = 0.002; mainly from Selenomonadales order), Bacilli (p = 0.008) 
